A simple and efficient method for selectively imaging and monitoring in situ the expression of sialylated glycoproteins on living cells has been developed. Treating living cells by mild periodate oxidation to selectively generate aldehydes on sialylated glycoproteins, followed by direct labeling of aldehydes with a commercially available fluorescent tag, fluorescein-5-thiosemicarbazide (FTSC), allows in situ imaging and quantification of sialylated glycoproteins on living cells. Under optimum reaction conditions, the periodate oxidation-based FTSC ligation (PF) strategy could be completed within 40 min. The cells undergoing the PF assay revealed a 91% viability and a fairly highlevel of metabolic activity. Compared with current labeling methods, the PF assay proved to be a simpler and faster means of imaging sialylated glycoproteins on living cells. The PF assay has been successfully applied to imaging the location and quantification of the abundance of sialylated glycoproteins on tumor and normal cells. Our results demonstrated the methodological significance in clinical diagnosis and functional elucidation studies.
Introduction
Sialic acid-containing glycoproteins are widely distributed on the cell surface, where they are poised to participate in the regulation of many cell biological events, including cell recognition, adhesion and disease progression as well as invasion and metastasis of tumor cells (Rudd et al. 2001; Dube and Bertozzi 2003; Fuster and Esko 2005; Haselhorst et al. 2008) . For example, glycoproteins containing the epitope Siaα2-6Gal serve as receptors for human influenza A and B viruses (Olofsson and Bergström 2005) . It has been reported recently that cancer cells could incorporate disproportionately high amounts of sialic acids into their cell surface glycans and generally display higher levels of sialylated glycoproteins than their nonmalignant counterparts (Wang, Cui et al. 2009; Shetty et al. 2010) . Therefore, the global analysis of sialylated glycoproteins shows considerable importance in seeking useful information about the development of diseases, especially cancer development.
Several methods, including sialylated glycan microarray (Song et al. 2011) , nuclear magnetic resonance (Barb et al. 2011) , chromatography (Kakehi et al. 2001; Balonova et al. 2009 ) and mass spectrometry (Colsch and Woods 2010) , have been reported for identification of sialylated glycoproteins ex vivo. However, these methods are inadaptable for detection of sialylated glycoproteins in vivo. Fluorescence microscopy profiling for high-resolution and noninvasive imaging of target molecules within their native environment is a crucial tool for monitoring target glycoproteins in vivo (Laughlin et al. 2008; Wang, Li et al. 2009; Matsumura et al. 2011) . Owing to the fact that the biosynthesis of glycans is not under direct genetic control (Pratt and Bertozzi 2005) , cell surface glycoproteins commonly exhibit high structural complexity and heterogeneity (Dube and Bertozzi 2003) . Therefore, the fluorescence-probe measurement of glycoproteins has traditionally fallen far behind that of protein and nucleic acid (Bertozzi and Kiessling 2001) . But as attracted by increasing knowledge about the important biological functions of sialylated glycoproteins in vivo, there is a driving force for us to work towards new efficient methods for imaging sialic acidcontaining glycoproteins on living cells.
Metabolic oligosaccharide engineering, which inserts sugarreporting groups (unnatural substrates containing azide, ketone or alkyne group) into the cellular glycoproteins, serves as a means of imaging sialylated glycoproteins at system or cell level by various chemical ligations toward the reporter groups (Kayser et al. 1992; Mahal et al. 1997; Saxon and Bertozzi 2000; Keppler et al. 2001; Hsu et al. 2007; Chang et al. 2009 ). However, a major limitation of all these methods is the need to feed cells with unnatural substrates, which are neither currently commercially available nor easy to obtain through chemical synthesis (Hang and Bertozzi 2001; Rabuka et al. 2006; Cai et al. 2010) , which makes the applications of these methods far from routine. An alternative approach to imaging sialylated glycoproteins on cells could be achieved through periodate oxidation (Gahmberg and Andersson 1977; McDonald et al. 2009 ) coupled with fluorescent labeling like aniline-catalyzed oxime ligation followed by a signalamplification step (De Bank et al. 2003; Zeng et al. 2009 ). These methods have created new approaches to imaging sialylated glycoproteins on cells. Unfortunately, these assays not only require tedious treatment steps and additional catalysts, but also yield undesired image profiles like blurry ones. Recently, Han et al. (2011) have reported a method for fluorescent analysis of sialylation of cells. Nevertheless, the approach is hindered by strict preparation of glyconanoparticles and functionalized quantum dots required in experiment. Other chemical approaches using lectins (Agard and Bertozzi 2009 ) and antibodies (Xu et al. 2008 ) with defined glycanconjugating specificities illustrate potential for detecting glycans. These methods also suffer from drawbacks, including occasional poor specificity or high cost. Thus, the establishment of innovative methods with universality, simplicity and efficiency is of great significance in imaging of sialylated glycoproteins on living cells.
Fluorescein-5-thiosemicarbazide (FTSC), a commercially available fluorescent tag with bright green fluorescence and a thiosemicarbazide group, has been demonstrated to be nontoxic to living cells and showed high chemoselective reactivity toward aldehydes under physiological conditions (Sah and Daniels 1950; Zhang et al. 2003; Prescher and Bertozzi 2005) . In our previous work, we have exploited FTSC as a fluorescent labeling tag for imaging and locating polysaccharides with reducing ends in living cells (Zhang et al. 2011) . Importantly, it has been reported that aldehydes could be selectively introduced into sialylated glycoproteins on living cell surface by mild periodate oxidation (Gahmberg and Andersson 1977; De Bank et al. 2003) . These findings inspired us to utilize the strengths of mild periodate-oxidation treatment combined with FTSC ligation, to develop a simple and efficient strategy for imaging sialylated glycoproteins on living cells. Treating cells with mild periodate oxidation to selectively introduce aldehyde groups into sialic acid-containing glycoproteins on living cells, followed by chemoselective ligation of FTSC toward aldehydes, offers a promising molecular platform for imaging sialylated glycoproteins on living cells. Since the aldehydes are virtually absent from the cell surface molecules (De Bank et al. 2003) , the periodate oxidation-based FTSC ligation (PF) strategy is quite specific to imaging sialylated glycoproteins on living cells. To our knowledge, this is the first FTSC probe for imaging sialylated glycoproteins on living cells. We have investigated the specificity of the strategy and optimized its reaction conditions. The viability and the metabolic activity of the treated cells were measured by trypan blue exclusion test and a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay, respectively. We also compared our PF assay with previous methods of imaging sialylation on living cells. Finally, the method has been applied to comparative imaging and quantification of the distribution and abundance of sialylated glycoproteins on three tumor cell lines and normal cells.
Results

Design of the PF strategy for imaging sialylated glycoproteins on living cells
A schematic procedure for imaging sialylated glycoproteins on living cells is depicted in Scheme 1. PF strategy employs two reaction steps, periodate oxidation and FTSC ligation. (i) Periodate oxidation: Mild periodate oxidation selectively introduces an aldehyde group at the C-7 position of the sialic acid on sialylated glycoproteins on cell surface (Gahmberg and Andersson 1977; Bhavanandan et al. 1988 ; De Bank Scheme 1. A PF strategy for imaging sialylated glycoproteins on living cells. The strategy involves the application of mild periodate oxidation for oxidation to generate aldehydes on sialic acid-containing glycoproteins, followed by direct labeling of aldehydes with a fluorescent tag, FTSC. NaIO 4 denotes NaIO 4 ; PF.
Y Zhang et al. et al. 2003; Zeng et al. 2009 ). (ii) Fluorescent labeling: FTSC, a fluorescent label containing a thiosemicarbazide group, reacts with aldehydes to form stable thiosemicarbazone bonds under physiological conditions (Sah and Daniels 1950; Zhang et al. 2003; Prescher and Bertozzi 2005) .
The specificity of the PF strategy is based on the fact that mild periodate oxidation can selectively introduce aldehyde groups into sialic acid-containing glycoproteins but not into nonsialylated glycoproteins on living cell surface (Gahmberg and Andersson 1977; Bhavanandan et al. 1988; De Bank et al. 2003; Zeng et al. 2009 ). The aldehydes generated, in turn, could chemoselectively couple with FTSC, a thiosemicarbazide-containing fluorescent tag with bright green fluorescence and desirable compatibility with commonly used fluorescence detection equipments (Zhang et al. 2011) , under physiological conditions (Jencks 1959) . Images of FTSC ligations as green fluorescent spots therefore specifically represent sialylated glycoproteins on cell surface. Thus, the PF strategy would provide a simple and efficient means of specific imaging of target sialylated glycoproteins on living cells.
Specificity of the PF strategy
To illustrate the specificity of the PF strategy, the suspending living gastric cancer cell line SGC7901 with high levels of sialylation on the cell surface (Wang, Cui et al. 2009 ), were chosen as the model cells. Lec-2 cells, a mutant of Chinese hamster ovary cells with expression of sialylation-deficient glycoproteins (Walters et al. 2001) , were used as a contrast. SGC7901 and Lec-2 cells, separately, were subjected to PF treatment. The two-cell lines mentioned above, separately, treated with medium, NaIO 4 oxidation or FTSC ligation only were used as controls. To examine the subcellular location of sialylated glycoproteins, 4′,6-diamidino-2-phenylindole; FI, fluorescence intensity (DAPI) (blue signal viewed after excitation at 358 nm), a dye specific to cell nucleus staining, was employed in co-localization studies. Then the treated cells were investigated by two-photon laser scanning fluorescence microscope, followed by flow cytometric quantification.
The following phenomena were observed during this experiment. First, as shown in Figure 1A , SGC7901 cells treated with feeding medium or NaIO 4 only, exhibited no signal of green fluorescence, whereas cells incubated with FTSC only showed only background levels of fluorescence signal. When both NaIO 4 oxidation and FTSC ligation were employed, as expected, the localization of FTSC ligations as sialylated glycoproteins was viewed as bright green fluorescent spots upon excitation at 488 nm (bottom right in Figure 1A ). By co-localization with DAPI (blue, nucleus-specific dye), PF-treated cells exhibited bright green fluorescence signals on Imaging of sialylated glycoproteins on living cells the SGC7901 cell surface without apparent intracellular staining, indicating high levels of sialylation on cell surface. Secondly, as a contrast, images of PF-treated Lec-2 cells displayed no detectable green fluorescence signals on cell surface by co-localization with DAPI (see Figure 1B) . A lack of green fluorescence signals on sialylation-deficient Lec-2 cells revealed that the PF strategy did not label nonsialylated glycoproteins or other proteins on cells. Thirdly, flow cytometric quantifications (n = 3, Figure 1C ) displayed that PF-treated SGC7901 cells illustrated high extent of fluorescent intensity (FI) increases (FI = 232.1, compared with the controls, see Figure 1C ), whereas PF-treated Lec-2 cells displayed only background levels of fluorescence intensity (FI = 6.7, compared with the controls, data of flow cytometry profile not shown). The flow cytometric quantification further demonstrated the high specificity of the PF strategy toward sialic acid-containing glycoproteins, in line with the results obtained by confocal laser microscopy. Taken together, these results directly proved the feasibility and specificity of the PF strategy for imaging and localization of sialylated glycoproteins on cells.
Optimization of FTSC ligation
Shortening reaction time would be beneficial to maintaining high levels of cell viability. The periodate-treated SGC7901 cells were subjected to FTSC ligation for different time periods (10, 20, 40 and 90 min). The image profiles of the treated cells were observed under two-photon laser scanning, followed by flow cytometric quantification. As shown in Figure 2A , upon incubation of periodate-treated SGC7901 cells with FTSC at a time course of 10 min, we observed weakly discernible signal of green fluorescence on cell surface. After a 20-min incubation, the cells illustrated high green fluorescence signals on cell surface. However, the fluorescence intensity did not increase visibly when the ligation time was lengthened to 40 min, and the imaging signal of the green fluorescence turned out to be a little dim when the ligation time was lengthened from 40 to 90 min, probably because of low levels of fracture of cell membrane. The changes in FI of different time-treated cells were further confirmed by flow cytometry (n = 3, see Figure 2B ). The FI increased greatly when the reaction time ranged from 10 to 20 min. However, only a slight increase in fluorescence intensities was observed when the reaction time was lengthened to 40 min, followed by a decrease after 90 min. These data revealed that longer duration of exposure of cells to FTSC ligation conditions may exhibit an impact on fluorescence intensities and/ or morphology of the treated cells. Taking into account the ideal images and fluorescence intensities of the treated cells, a reaction time of 20 min proved suitable for FTSC ligation toward aldehydes generated by periodate treatment.
Assessment of cell viability and metabolic activity
Moreover, whether the cells undergoing PF are viable and metabolically active is another crucial criterion for imaging target molecule on living cells. The viability of SGC7901 cells treated with periodate oxidation and/or FTSC ligation was determined by the trypan blue exclusion test. As shown in Figure 3A , the results displayed that the treated cells could maintain rather high viability rates during periodate oxidation or FTSC incubation only, as well as PF for different time periods (10, 20 and 40 min) by using a trypan blue exclusion test; and that the SGC-7901 cells treated with PF for 20 min exhibited a relatively high rate of 91% cell viability, compared with the control cells. Meanwhile, we obtained rather high levels of cell metabolic activity of SGC7901 cells treated in the same way by a MTT assay (see Figure 3B) , confirming that the PF had a slight impact on the metabolic activity of cells. Together, these data indicated that cells undergoing PF were highly viable and metabolically active, demonstrating that the PF approach is appropriate for imaging sialic acidcontaining glycoproteins on living cells. Comparison of PF with existing methods Previous methods described by Zeng and De Bank, which showed potential in fluorescent imaging of sialylated glycoproteins on living cell surface, represent a general approach in which the aldehydes introduced by periodate oxidation would allow chemoselective conjugation with probes bearing reactive groups such as aminooxy or hydrazide (De Bank et al. 2003; Zeng et al. 2009 ). These methods could be induced by the patterns in which the generated aldehydes were labeled with aminooxy or hydrazide biotin followed by a FITC-labeled avidin staining or with an oxyamine-or a hydrazidecontaining fluorescent tag. Meanwhile, studies have shown that aldehydes are potent electrophiles and show reactivity toward chemicals bearing a hydrazide or an aminooxy or an thiosemicarbazide group to produce the corresponding hydrazone, oxime or thiosemicarbazone derivatives under physiological conditions (Prescher and Bertozzi 2005) . However, there is no report on the employment of thiosemicarbazidebearing fluorescent tag FTSC in fluorescent imaging of sialylated glycoproteins. Thus, we sought to compare the imaging of sialylated glycoproteins on living cells using our PF assay with previous labeling methods. The differences between fluorescent labelings have been further explored by investigating reactions between cell-surface aldehydes and FTSC oxyamine-fluor or hydrazide-fluor or aminooxy-biotin followed by FITC-labeled avidin.
As shown in Figure 4 as images obtained by confocal microscopy, cells treated with PF (see Figure 4A ) and previous methods ( Figure 4B-D) all illustrated very similar green fluorescence signals on cell surface by subcellular co-localization. Data demonstrated the feasibility of PF assay as well as current methods for imaging sialylated glycoproteins on cells, consistent with previous studies (Lemieux and Bertozzi 1998; De Bank et al. 2003; Prescher and Bertozzi 2005; Zeng et al. 2009 ). Although very similar fluorescence signals were observed on cell surface by both PF and previous methods (see Figure 4) , the previous approaches might suffer from some drawbacks, such as an additional signal-amplification staining step using aminooxy-biotin followed by FITC-labeled avidin, requirement of a catalyst (aniline) in labeling method employing an oxyamine-or a hydrazide-containing fluorescent reagent (Dirksen et al. 2006a, b; Dirksen and Dawson 2008; Zeng et al. 2009 ) and long labeling reaction time ( 2 h, see Materials and methods section). From the comparison studies, the PF method shows virtues in shorter treatment time (40 min) and simpler procedure (avoiding the use of catalyst The FTSC ligation (100 µM, pH 6.7, 37°C, 20 min); (B) aniline-catalyzed oxime ligation (100 µM aminooxy-biotin in the presence of 10 mM aniline, pH 6.7, at 4°C for 90 min) and followed by a signal amplification step (avidin-FITC staining, 20 min, 4°C); (C) hydrazide-fluor (100 µM, pH 6.7, 37°C for 90 min in the presence of 10 mM aniline); (D) oxyamine-fluor (100 µM, pH 6.7, 37°C for 90 min in the presence of 10 mM aniline). Nucleus was stained with DAPI (blue, nucleus-specific dye).
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and a signal-amplification staining step), compared with previous methods.
After imaging, the two groups of the treated cells (NaIO 4 + FTSC treated group; NaIO 4 + aminooxy-biotin + avidin treated group) were separately subjected to flow cytometric quantification studies. As shown in Figure 5 , the two groups of the cells mentioned above illustrated fluorescent signals with intensities of 315.5 and 313.1, respectively, representing that the data obtained by the PF method showed minor difference in fluorescence intensity levels compared with the previous methods (Zeng et al. 2009 ).
Taken together, data indicated that the established PF method illustrated potential for imaging sialic acid-containing glycoproteins on living cells. Results indicated that the key significance of this work is that the PF method makes the imaging of sialylated glycoproteins simpler, cheaper and faster than the previous labeling methods.
Application of PF to imaging of sialylation on three tumor cell lines and normal cells
To assess the potential of the PF strategy for imaging and monitoring the expression levels of sialylated glycoproteins on living cells, three tumor cell lines (SGC7901, MG63 and HeLa cells) and normal human gastric epithelial immortalized cell line GES-1 were separately treated with PF and further detected by confocal laser microscopy. As shown in Figure 6 , bright green fluorescence signals were observed on cell surface (middle panel) of three cell lines by co-localization with DAPI (blue, nucleus-specific dye, top panel) under twophoton laser scanning, without any intracellular staining. In contrast, poorly discernible fluorescence signals were observed on the surface of normal GES-1 cells (data shown in Figure 6 ). Overlapping of the fluorescent images ( Figure 6 , bottom panel) arising from FTSC ligation and DAPI displayed zonal localizations of the target sialylated glycoproteins on the cell surface of four cells, regardless of tumor or normal type of cells. But sialylation residues on three tumor cells, SGC-7901, MG63 and HeLa, showed much higher abundance level than that of normal GES-1 cells, indicating that overexpression of sialylated glycoproteins might be disease-associated. Remarkably high levels of sialylated glycoproteins were expressed on tumor cell surface, where they were supposed to participate in regulating many cellular activities involved in tumor cells. However, the molecular mechanism related to the underlying effect of sialylation on the increase in the tumor invasion and metastasis remains unknown. Therefore, the ability to selectively image and locate bioactive molecules, sialylated glycoproteins, on cell surface will help elucidate and understand the behaviors of tumor cells. Furthermore, the PF method might be applied to monitoring real-time sialylation as they (sialylation) undergo dynamic changes within organisms.
Analysis of the expression levels of sialylation on three tumor cell lines and normal cells
To further quantify the expression levels of sialylated glycoproteins, the three tumor lines (SGC7901, MG63 and HeLa cells) and normal GES-1cells were also checked and investigated by flow cytometry. As shown in Figure 7 , flow cytometry analysis revealed that three tumor cells, SGC7901, MG63 and HeLa cells displayed high levels of fluorescence signals (FI = 251.4, 245.2 and 317.8 respectively, compared with the control groups), whereas normal GES-1 cells showed rather low levels of fluorescence (FI = 51.2). Results indicated that the SGC7901, MG63 and HeLa cell lines all expressed remarkably high levels of sialylated glycoproteins on their cell surface, in agreement with previous reports (Saxon and Bertozzi 2000; Yang et al. 2008; Wang, Cui et al. 2009 ). The expression variations of sialylation on tumor cells were about 4.9-, 4.7-and 6.2-fold over that of normal GES-1 cells, respectively, thus indicating the potential of PF for quantifying sialylation on living cells. This finding reveals important insight into the distribution and abundance of sialylation patterns in normal and tumor cells and indicates that high expressions of sialylated glycoprotein residues on tumor cells might be associated with tumor occurrence.
Potential of PF for imaging sialylation within fixed cells
To assess the potential of PF for imaging sialylated glycoproteins on fixed or permeabilized cells, the SGC7901 cells were fixed and subsequently treated with PF assay. As shown in Figure 8 , for fixed cells, green fluorescence signals occurred not only on cell surface, but also inside the cells. High levels of green fluorescence signals suggested that abundant sialylation exists on cell surface, consistent with above results obtained on living cells and references (De Bank et al. 2003; Fig. 5 . Flow cytometry analysis of periodate-treated SGC7901 cells subjected to (A) FTSC ligation (100 µM, pH 6.7, 37°C, 20 min) and (B) aniline-catalyzed oxime ligation (100 µM aminooxy-biotin in the presence of 10 mM aniline, pH 6.7, at 4°C for 90 min) and followed by a signal-amplification step (avidin-FITC staining, 20 min, 4°C). For each measure, 1 × 10 4 cells were counted. Cells treated with medium only were used as controls.
Y Zhang et al. Dube and Bertozzi 2003; Wang, Cui et al. 2009; Zeng et al. 2009 ). Meanwhile, rather high levels of fluorescent signals inside the cells also indicated that the cells might possess a certain level of intracellular sialic acids within cells. However, the fluorescence signals observed inside cells might not only indicate sialylation levels on cellular glycoproteins, but also represent the existence of free intracellular cytidine 5'-monophosphate N-acetylneuraminic acids (CMP-NeuNAcs) taken up by cells (Oetke et al. 2001) . Besides, another underlying interference from the imaging profile is that endogenic monosaccharides with reducing ends (aldehydes at C-1 position) taken up by cells through metabolic pathways (Bertozzi and Kiessling 2001) might also illustrate fluorescent signals inside the cells. Therefore, exclusive imaging of the intracellular sialylation on glycoproteins by PF is worth pursuing in the future.
Discussion
Our results clearly demonstrated that a PF assay allows in situ monitoring of the distribution and abundance of sialylated glycoproteins on living cells. The PF, which utilizes a combination of periodate oxidation and FTSC ligation reactions under physiological conditions, permits selective imaging of suspected sialylation on any native cells. The optimum PF treatment could be completed within 40 min. The cells undergoing PF revealed a desirable viability rate of 91% and high levels of metabolic activity, as measured by trypan blue exclusion test and a MTT assay, respectively. The method was significantly simpler than the existing approaches, in relation to which usually need an extra signal amplification step or the presence of a catalyst (aniline). Moreover, the potential of PF in fixed cells was assessed, and strong fluorescence was observed on cell surface as well as inside cells. However, the exact location and abundance of intracellular sialylation need to be further confirmed because of possible interference from endogenous monosaccharides (Bertozzi and Kiessling 2001) . Finally, the PF strategy has been successfully applied to imaging the expression of sialylated glycoproteins on three tumor cells (SGC-7901, MG63 and HeLa) and normal cells (GES-1). By in situ imaging, expressions of sialylation were located on the cell surface of these four cell lines, regardless of tumor or normal type. But the abundances of sialic acid residues on three tumor cells, SGC-7901, MG63 and HeLa, were 4.9-, 4.7-and 6.2-fold over that of normal GES-1 cells, respectively. Much higher expression of sialylated glycoproteins on tumor cells compared with normal ones indicated that high levels of sialylated glycoproteins might be related to tumor occurrence. Although much higher levels of sialylation on tumor cells over that of normal ones were observed, the molecular mechanisms of sialylation variations related to the increase in invasion and metastasis of tumor remain unknown. The PF method, which allows in situ imaging of sialic acid-containing glycoproteins on living cells, provides an ideal molecular platform to discover and elucidate the impact of sialylation on invasion and metastasis of tumor cells. The PF strategy would facilitate dynamic investigation of the effects of sialylation Imaging of sialylated glycoproteins on living cells variation on the behavior of tumor cells, with the goal of understanding changes in sialylation associated with invasion and metastasis during tumor development. In addition, PF also shows potential for imaging location and abundance of sialylation in tissue sections obtained at different stages of tumor disease in histochemistry study, providing a helpful means of investigating the sialylation associated with the development of tumor.
Compared with the previous approaches, the PF assay possesses some advantages summarized as follows: (i) PF shows virtue in both short treatment time and simple procedure, avoiding an additional signal amplification step; (ii) Commercial availability and low price of the reagents allow PF to be used as an universal and efficient assay; (iii) Images obtained in experiment by PF provide us with a sensitive and efficient platform for locating sialic acid-containing glycoproteins on living cells; (iv) FTSC ligation shows high chemoselective ligation reactivity toward aldehydes to form stable thiosemicarbazones under physiological conditions, eliminating the use of a catalyst and (v) High reproducibility and simplicity of PF make it suitable for imaging-or comparative quantification analysis of sialic acid-containing glycoproteins on any native cells. We therefore expect that the PF will find wide application in sialic acid engineering by providing a simple strategy for identifying, imaging, locating and even quantifying sialylated glycoproteins in glycoproteomics experiments aimed at profiling the "sialome" of particular cells such as tumor cells or human influenza viruses. 
Materials and methods
Apparatus
Visualization was done with a Fluoview FV1000 confocal microscope (Olympus, Tokyo, Japan) equipped with a FV10-MCPSU instrument and 405, 458, 488 and 568 nm lines of a krypton/argon laser at ×20 and ×40, using the Laser Sharp 2000 software (Bio-Rad Laboratories). The images were further processed by the FV10-ASW software. Flow cytometry was performed on a FACSCalibur (BD Biosciences, Mountain Cell culture SGC7901 and HeLa cells were incubated in RPMI-1640 supplemented with 10% FBS, 100 U/mL penicillin and 0.10 mg/ mL streptomycin at 37°C under 5% CO 2 . MG63 and GES-1 cells were cultured in high-glucose DMEM supplemented with 10% FBS, 100 U/mL penicillin and 0.10 mg/mL streptomycin at 37°C under 5% CO 2 . Lec-2 cells were cultured in a minimum essential medium (Sigma) supplemented with 10% fetal calf serum (Sigma), 100 U/mL penicillin and 100 mg/ mL streptomycin, at 37°C under 5% CO 2 .
Mild periodate oxidation Selective periodate oxidation of sialic acid-containing glycoproteins on living cells to generate aldehydes on living cells is achieved with 1 mM NaIO 4 at 4°C for up to 20 min by methods with minor modifications (Gahmberg and Andersson 1977; Bhavanandan et al. 1988; De Bank et al. 2003; Zeng et al. 2009 ). The cells (about 1 × 10 5 /well) were seeded on glass-bottom cell culture dish special for confocal imaging use (35 mm, MatTek). To take out the reaction, 2 mL of 1 mM NaIO 4 was added into the culture dish and maintained at 4°C for 20 min. After the reaction was completed, the NaIO 4 buffer solution was removed. The cell treatment was quenched with 2 mL of 1 mM glycerol and washed twice with cold phosphate buffered saline (PBS). Then the treated cells were subjected to further FTSC ligation.
FTSC ligation and DAPI staining
Periodate oxidation-treated cells were further subjected to FTSC ligation under the reaction conditions with minor modifications (Sah and Daniels 1950; Jencks 1959; Zhang et al. 2003; Wang, Cui et al. 2009 ). Meanwhile, the cell line Lec-2, a cell line which is deficient in transport of CMP-sialic acid into the Golgi compartment and hence do not efficiently process sialic acid onto their cell surface (Walters et al. 2001) were used. Two-cell lines mentioned above were cultured on glass plates special for confocal laser (a density of about 1 × 10 5 per well). SGC7901 and Lec-2 cells were then separately subjected to periodate oxidation (1 mM NaIO 4 , 4°C for 20 min), followed by FTSC ligation (100 µM, pH 7.0, 37°C for 90 min). Two-cell lines treated with medium, periodate oxidation (1 mM NaIO 4 , 4°C for 20 min) or FTSC ligation (100 µM, pH 7.0, 37°C for 90 min) only were used as controls. After the FTSC ligation was completed, the nucleus of each cell was stained with DAPI according to the manufacturer's instruction book. Subsequently, the prepared cells were imaged under a Fluoview FV1000 confocal microscope. After imaging, the treated cells were subjected to flow cytometric quantification on a FACSCalibur.
Optimization of reaction time of FTSC ligation
The four groups of periodate-treated SGC7901 cells (a density of about 1 × 10 5 per well, n = 3) were subjected to ligation with FTSC in PBS buffer ( pH 7.0, 100 µM), at 37°C for different time periods (10, 20, 40 and 90 min) . Cell surface FTSC ligations were investigated under Fluoview FV1000 confocal microscope, followed by flow cytometric quantification on a FACSCalibur. The results were representative of three experiments.
Evaluation of the cell viability and metabolic activity The viability of SGC7901 cells treated with periodate oxidation (1 mM NaIO 4 at 4°C for 20 min) and/or 100 µM FTSC (in PBS, pH 7.0 at 37°C) for different time course (10, 20 and 40 min) was determined by counting live cells in a haemocytometer under a microscope by trypan blue exclusion (n = 3). Meanwhile, the metabolic activity of parallel-treated SGC7901 cells was measured by a MTT assay (Zhang et al. 2011) . Briefly, the SGC7901 cells were seeded in a 96-well plate at a density of 1 × 10 4 per well (n = 7). The cells were treated with periodate oxidation (1 mM NaIO 4 at 4°C for 20 min) and/or 100 µM FTSC (in PBS, pH 7.0 at 37°C) for different time courses (10, 20 and 40 min). When the reactions were completed, the reaction buffer solutions were removed and culture medium was added to each well. Then MTT was added into medium per well and gently stirred for a while (2 min), incubated with cells for another 4 h in incubator at 37°C. After that, the mixture medium was removed from the well. Then DMSO was added and gently stirred for a while (2 min). Finally the optical density was measured using an ELISA reader (Model 550, Bio-Rad Instruments) at 490 nm.
Comparison of PF with previous methods SGC7901 cells with high levels of sialylated glycoproteins on cell surface were chosen as model cells and seeded (1 × 10 5 / well) on glass-bottom cell culture dishes (five groups in parallel). One group of cells were treated only with feeding medium (control), whereas the other four goups of cells were subjected to mild periodate oxidation (1 mM NaIO 4 for 20 min, 4°C). After periodate oxidation, the first group of cells were subjected to FTSC ligation (100 µM FTSC, pH 7.0, 37°C for 20 min). The second group of cells were treated as follows (Zeng et al. 2009 ): Aniline-catalyzed oxime ligation (100 µM aminooxy-biotin in the presence of 10 mM aniline, pH 6.7, at 4°C for 90 min) and followed by a signalamplification step (avidin-FITC staining, 20 min, 4°C). The third and the fourth groups of cells were subjected to hydrazide-fluor (100 µM, pH 7.0, 37°C for 90 min in the presence of 10 mM aniline) and oxyamine-fluor (100 µM, pH 7.0, 37°C for 90 min in the presence of 10 mM aniline) staining (Zhang et al. 2003; Zeng et al. 2009; Baskin et al. 2010) , respectively. After that, cells' nuclei were stained with DAPI according to the instruction of the manufacturer of the product.
Application of PF to three tumor cell lines and normal cells Three tumor cell lines, SGC7901, MG63 and HeLa cells, and normal GES-1 cells were grown on special glass plates for detection using confocal laser, at a density of about 1 × 10 5 per well in RPMI-1640 or DMEM supplemented with 10% fetal calf serum (Sigma), 100 U/mL penicillin and 0.10 mg/mL streptomycin. Four cell lines, SGC7901, MG63 and HeLa Imaging of sialylated glycoproteins on living cells cells and normal GES-1 cells were separately subjected to periodate oxidation (1 mM NaIO 4 , 4°C for 20 min), followed by FTSC ligation (100 µM in PBS, pH 7.0 at 37°C, 20 min). Cells treated with medium only were used as controls. After the FTSC ligation reaction was completed, each group of cells were stained with DAPI to locate nuclei. The treated cells were imaged under a Fluoview FV1000 confocal microscope. After imaging, the treated cells were subjected to flow cytometric quantification on a FACSCalibur. Data were analyzed by software tools.
Potential of PF for imaging sialylation within fixed cells SGC7901 cells were grown on glass plates special for detection using confocal laser at a density of about 1 × 10 5 per well in RPMI-1640 supplemented with 10% fetal calf serum (Sigma), 100 U/mL penicillin and 0.10 mg/mL streptomycin overnight. Then the cells were fixed (Satoh et al. 2000) with formaldehyde (PBS containing 4% paraformaldehyde, 10 min, 4°C) and subjected to periodate oxidation (1 mM NaIO 4 , 4°C for 20 min), followed by FTSC ligation (100 µM in PBS, pH 7.0 at 37°C, 20 min). After that, the cells' nuclei were stained with DAPI as described above.
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